In this work, we show that the Tibetan Plateau deformation demonstrates a turbulence-like statistics, e.g., spatial invariance cross continuous scales. A dual-power-law behavior is evident to show the existence of two possible conversation laws for the enstrophy-like cascade on the range 500 r 2, 000 km and kinetic-energy-like cascade on the range 50 r 500 km. The measured second-order structure-function scaling exponents ζ(2) are similar with the counterpart of the Fourier scaling exponents observed in the atmosphere, where in the latter case the earth rotation is relevant. The turbulent statistics observed here for nearly zero Reynolds number flow is favor to be interpreted by the geostrophic turbulence theory. Moreover, the intermittency correction is recognized with an intensity to be close to the one of the hydrodynamic turbulence of high Reynolds number turbulent flows, implying a universal scaling feature of very different turbulent flows. Our results not only shed new light on the debate regarding the mechanism of the Tibetan Plateau deformation, but also lead to new challenge for the geodynamic modelling using Newton or non-Newtonian model that the observed turbulence-like features have to be taken into account. *
I. INTRODUCTION
The Tibetan plateau, usually referred to as the "Roof of the World" expresses a doublethickened crust and stands at an average elevation of 5 km over a region of approximately 3 million km 2 , see Fig. 1 (a) . Given the India-Eurasia collision and uplift of the plateau as the most significant geological events on the earth during Cenozoic time, Tibetan plateau has been widely regarded as an ideal field laboratory for understanding the geodynamic processes of continental collision, deformation and the interactions between uplift and global climate change [1] [2] [3] [4] . However, how the Tibetan plateau deformed and grew remains highly controversial. Proposed hypotheses mainly include, 1) rigid plates or blocks northward propagating subduction and extrusion [5, 6] , 2) convective removal of mantle lithosphere and rapid, continuous and entire deformation [3] , and 3) lower crustal flow rather than substantial upper crustal thickening contributes the plateau deformation and uplift [7, 8] . These models are very creative and highly provocative, represent distinct driving mechanisms and kinematic descriptions of surface deformation, and thus have attracted considerable attention for decades. To test these hypotheses, a great number of geological and geophysical data and various methods have been used, primarily including paleoaltimetry, thermochronology, basin analysis and magnetostratigraphy, global positioning system (GPS) data and subsurface geophysical data analyses [9] [10] [11] [12] [13] [14] [15] . Although none of these models uniquely account for all of the geological and geophysical data and observations, more and more studies are aware of the presence of continuous medium and the important role of the rheology in the surface deformation of the Tibetan Plateau [8, 9, 16] . However, to the best of our knowledge, the spatial scale invariance of such flowing deformation has never been taken into account.
Turbulence or turbulence-like phenomena are ubiquitous in the nature, which is often characterized by scale invariance in both spatial and temporal domains. It ranges from the evolution of the universe [17] , movement of atmosphere and ocean [18, 19] , the painting by Leonardo da Vinci [20] or van Gogh [21] , collective motion of bacteria [22, 23] , the BoseEinstein condensate [24] , financial activity [25] [26] [27] [28] [29] , etc. Note that turbulence is usually recognized by its main features that a broad range of spatial and temporal scales or many degrees of freedom are excited in the dynamical system [30, 31] . The turbulence theory is thus such theory to describe the energy injection and dissipation patterns or the balance among other physical quantities. This pattern could be quite different for different dynamical systems. For instance, in the classical three-dimensional hydrodynamical turbulence, the energy is injected into the system at large-scale and is transferred to small-scale, and so on, until to the viscosity scale where the kinetic energy is converting to heat [20] . This is a forward energy cascade with the famous Kolmogorov 5/3-law for the spatial Fourier power spectrum of high Reynolds number turbulent flows, e.g., E(k) ∝ k −5/3 . While in the two-dimensional turbulence, the energy (resp. enstrophy, square of vorticity) is inputted into the system through a middle scale. It is then transferred upward (resp. downward) due to energy (resp. enstrophy) conservation with a 5/3-law for large-scale part (resp. 3
scaling law for small-scale part) [32] . Another famous example is the theory of geostrophic turbulence, in which the horizontal pressure gradient is balanced by the Coriolis force [33] .
A potential enstrophy cascade with a scaling exponent 3 (resp. large-scale part) and energy cascade with a scaling exponent 5/3 (small-scale part) are then presented [34] .
In this work, in the spirit of the turbulence theory, we show that the Tibetan Plateau deformation also demonstrates a turbulence-like statistics, e.g., spatial invariance cross continuous scales. A dual-power-law behavior is evident to show the existence of two possible conversation laws for the (potential) enstrophy-like cascade on the range 500 r 2, 000 km and kinetic energy-like cascade on the range 50 r 500 km. The measured second-order structure-function (SF) scaling exponents ζ(2) are similar with the ones observed in the atmosphere [18] , where in the latter case the earth rotation is relevant. The turbulent statistics observed here is favor to be interpreted by the geostrophic turbulence theory, where a large-scale forcing due to the India-Euraisa collision might be balanced by the Coriolis force. Furthermore, the intermittency correction is identified with a strength close to the one of three-dimensional hydrodynamical turbulence of high Reynolds number turbulent flows. Our results not only shed new light on the debate regarding the mechanism of the Tibetan Plateau deformation, but also lead to new challenge for the geodynamic modeling that the observed turbulent features have to be taken into account.
II. DATA AND METHODOLOGY
The GPS velocity data set is provided in Ref. [9] . Figure 1 shows the deformation velocity unit vector collected from 553 monitoring locations [9] , where the topology provided by The velocity pattern demonstrates an anticyclone (clockwise) structure, showing eddy-like motions. To characterize the motions more quantitatively, we introduce here a second-order moment of the structure-function (SF), which is written as,
where r = |r| is the great circle distance, u is the velocity vector. For a scaling process, one expects the following relation,
Figure 2 (a) shows the measured second-order SF S 2 (r). A dual-power-law behavior is evident respectively on the range 50 r 500 km (resp., 0.7 r/h 7) and 500 r 2, 000 km (resp. 7 r/h 28). The experimental scaling exponent are found to be ζ S (2) = 0.72 ± 0.07 and ζ L (2) = 2.50 ± 0.07, where the error indicates a 95% fitting confidence level. According to the Wiener-Khinchin theorem, the Fourier power spectrum of the deformation velocity also follows a power-law behavior [20, 36] ,
Thus the scaling exponent of the Fourier power spectrum indicated by second-order SF are β L = 3.5 and β S = 1.72, which could be verified in the future when more data are available from either observation or numerical simulation.
III. RESULTS AND DISCUSSIONS

A. Scaling of deformation
The value of the scaling exponent ζ S (2) provided by the second-order SF is close to 2/3, which implies a kinetic energy cascade that has been predicted by several theories. For example, the Kolmogorov 1941 theory for three-dimensional homogeneous and isotropic turbulence for the fully developed hydrodynamic turbulence [20] ; the Kraichnan 1967 theory for the two-dimensional turbulence [32] ; Charney 1971 theory for the geostrophic turbulence [33] . The another scaling value ζ L (2) may imply a (potential) enstrophy conservation in the framework of two-dimensional turbulence [32] or geostrophic turbulence [33] . As aforementioned, the mechanism behind the power-law is the pattern between injection and dissipation. Therefore, to exclude any possible explanations, the external force that driving the lithosphere deformation has to be recognized. A possible driving force is from the collision between the Indian and Eurasian plates with a large-scale instability above 2000 km.
Another possibility of the external force is at scale around 500 km, where the kinetic energy is injected into the system via the thermal plumes of the mental convection [37] . Due to the complexity of the current problem, such balance pattern is more complex than the ideal 2D turbulence theory or geostrophic turbulence theory. With the limited data, we cannot rule out any one of them. A scale-to-scale energy/enstrophy flux should be checked with attention to identify the cascade direction when the data is available [31, 38] .
It is interesting to note that a similar dual-power-law behavior has been reported for the atmospheric movement in the Fourier space with the same separation scale around 500 km around the same latitude [18, 39] , where the separation scale 500 km is determined by geostrophic balance that described by the Rossby number, see definition below. According to Vallgren et al. [34] , if the large-scale forcing due to the India-Eurasia collision is applicable, then the geostropic turbulence is favorable. Note that the power-law behavior observed here is consistent with the discovery of the continuous deformation by Zhang et al. [9] for the spatial scale above 100 km.
The basic characteristic of turbulent system is intermittency, manifested as intense and sporadic fluctuations on different scale of motions. It is one of the most fascinating feature of the hydrodynamic turbulence [20] , which has been reported also for other complex dynamic systems [40] . To track such intermittency correction, a high-order SFs is introduced, i.e.,
where ζ(q) is the scaling exponents for high-order SFs. ζ(q) is linear with q if there is no intermittency correction and vice versa. The deviation from linear relation is usually believed to be an effect of the nonlinear interactions between different scales [20] , manifesting as a large variation of the considered data [40] . Note that the S q (r) can be also defined via a r−dependent probability density function (pdf) p(∆u r ) of velocity difference ∆u r = u(x + r) − u(x),
where p(∆u r )|∆u r | q is the qth-order integral kernel. To check whether the statistics is convergent or not, we plot the measured pdf and the corresponding integral kernel in To cross verify the above observation, the topography of the Tibetan Plateau provided by ETOPO1 is analyzed below [45] . The evolution of the elevation can be approximately written as,
where h(x, t 0 ) is the initial elevation, and the typical vertical velocityṽ h (x) can be treated as average vertical velocity since it is a very slowly variation with time. The elevation difference is thus an approximation of the velocity difference,
where h(r + x, 0) − h(x, 0) {ṽ h (x + r) −ṽ h (x)} t is assumed when r is smaller than a certain value, e.g. 500 km. High-order SFs, e.g., S q (r) = |∆ r h| q are estimated. A single power-law behavior is observed on the scale range 50 r 500 km (resp. 0.7 r/h 7) in 
where ρ is the density, u the velocity, r the spatial scale and µ is the dynamic viscosity. It characterizes the ratio between the inertia and viscosity forces. Typical values in Tibet are ρ 3 g/cm 3 [46] , u 1.27 cm/year [9] , µ = 10 19 ∼ 10 24 Pa · s [47] , respectively. Considering the spatial scale r from 50 km to 2, 000 km, one has a Reynold number on the range 2.4 ×
10
−24
Re(r) 6 × 10 −21 , suggesting that the viscosity force is more relevant than the inertial one in the current problem. Note that turbulence is usual associated with the high-Reynolds number flows, where the inertia of fluid is relevant and the viscosity force can be neglected [20] . Turbulence without inertia [48] have been reported for the bacterial turbulence [22, 23, 44] , elastic turbulence [30, 49] , etc., with nearly zero Reynolds number. As aforementioned, the balance pattern could be quite different from the classical hydrodynamic turbulence. However, they might share the universal turbulent features, such as the same strength of the intermittency [44] .
Due to the earth rotation, the Coriolis force could be important. A scale-dependent Rossby number is introduced to characterize this effect, which is written as,
where 2Ω Ro(r)
1.11 × 10 −10 , implying that the Coriolis force is more relevant than the inertial one.
Finally, a scale-dependent Deborah number is defined as,
where t c (r) refers to the stress relaxation time for a given spatial scale r, and t p is the time scale of observation. It characterizes the ratio of the relaxation time t c (r) characterizing the time it takes for a material to adjust to applied stresses or deformations, and the characteristic time scale t p of an experiment probing the response of the material. At lower Deborah numbers, the material behaves in a more fluid-like manner, with an associated Newtonian viscous flow. At higher Deborah numbers, the material behavior enters the non-Newtonian regime, increasingly dominated by elasticity and demonstrating solid-like behavior. Typical examples are flows of ice-river, asphaltum, etc., that for a long time observation and thus a small Deborah number, they behave in the fluid-like manner [50] . For the current case, the Deborah number is estimated on the range 0 ≤ De(r) 1, suggesting that the lithosphere deformation can be treated as fluid flow.
IV. CONCLUSION
In summary, in this work, the lithosphere deformation of the Tibetan Plateau is analyzed in the spirit of the multiscale statistics from turbulence community. The dual-power-law behavior is evident respectively on the range 50 r 500 km (resp. 0.7 r/h 7)
and 500 r 2, 000 km (resp. 7 r/h 28). The scaling feature of the former scaling range indicates an energy cascade, while the one of the latter scaling range implies a (potential) enstrophy cascade, which might be interpreted in the framework of geostrophic turbulence since one possible external force can be identified from the India-Eurasia collision with a spatial scale above 2, 000 km. The similar multiscale feature with the one from atmosphere suggests that they might share the similar dynamic, e.g., the balance between large-scale force and Coriolis force. However, to exclude any other possibility, a scale-to-scale energy/enstrophy flux has to be estimated either in Fourier space or physical domain to determine the cascade direction [31, 38] , see example in Ref. [44] . Moreover, the intermittency is revealed via the high-order SFs. With the help of extended-self-similarity, the intensity of intermittency is found to be the same as the one of hydrodynamic turbulence of high The source code and GPS data is available at: [51] . We thank the two anonymous reviewers for their careful reading and insightful comments and suggestions.
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